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Abstract 
 
The self-regulation phenomenon that occurs during friction welding process was characterised, and the effect of the self-regulation of the 
energy-related parameters on structure and hardness distribution in SW7Mo steel – 55 steel welded joint was determined experimentally.  
The structure and hardness of the weld zone were examined, the energy required for the stable run of a friction welding process was 
calculated,  and a relationship between the welding energy and weld hardness was derived. 
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1. Introduction 
 
Friction welding is the process of fast joining of metallic 
materials in plastic (solid) state. The essence of the process 
consists in  application of the friction-generated heat and pressure 
of a predetermined value onto the surfaces of the joined metals, 
where both of these factors combined together result in binding of 
the surface atoms when they come close to each other during 
plastic deformation produced by upsetting of the welded elements 
contact boundaries  [1,5,8]. An increase of  temperature  between 
the adhering crystals present in metals or grains present in metal 
alloys, produced by the effect of upsetting (work hardening), is 
operating as an additional factor intensifying the diffusion process 
and facilitating  the solid-state welding of metals. The metallic 
bonds are formed by interaction that occurs between the 
neighbouring atomic planes of the crystal lattices of  metals that 
are being joined together, drawn sufficiently close to each other 
and undergoing plastic strain in the weld zone (HAZ) of a friction 
welded joint [3,8]. Figure 1 shows typical run  of  the friction 
welding process. 
 
 
Fig. 1. Schematic representation of the friction welding process 
T – temperature, ∆l – size reduction of welded elements 
 
The increased size reduction of the welded elements that 
occurs when the welded joint is cooling down is caused by 
upsetting (work hardening) of the weld zone (HAZ of the welded 
joint). 
Plastic alloys of different chemical compositions can be 
welded only when on welding they can form solid solutions or 
chemical compounds [2,3]. 
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2. The kinetics of the welded joint 
formation 
 
Studies carried out at present assume that friction welding is a 
continuous process [8,21], and even if during its course some   
phenomena of an intermittent nature occur [2,3], it is always 
possible to distinguish the initial and final stage of the process, i.e. 
the stage of preheating the welded material with friction heat and 
the stage of joining the plastic (upset) zone of the welded 
elements combined with application of the welding pressure of  a 
predetermined value [32]. Increasing the friction pressure exerted 
on a welded object when, mounted in a spindle of the welding 
machine,it  is rotating at a predetermined speed makes heat evolve 
at a high-rate from the friction surfaces, resulting in plastic flow 
of the welded materials within a contact area of their joined 
volumes. Under the combined friction pressure/ spinning force 
effect, the material, now in plastic state, is flowing along the 
welding boundary of the joined elements. A symmetric squeezing 
out of impurities from the middle part of the friction surface to the 
external region of the welded joint, combined with size reduction 
of the welded elements, takes place. When the welding machine 
spindle is arrested, the rotary speed of the welded object decreases 
very rapidly while the welding pressure either remains unchanged 
or raises its value. 
The effect of the friction force Pt and, additionally, of the 
upsetting force Ps ,  results in reforging  (work hardening) of the 
weld zone, thus ending the friction welding process.  
The structure  of the weld zone in a friction welded joint is 
determined by size reduction (upsetting) of the welded elements. 
A typical structure of the friction welded joint is shown in 
Figure 2. 
 
 
Fig. 2. The structure of  SW7Mo steel - 55 steel friction welded 
joint  
 
The weld zone in 55 steel has a pearlitic-ferritic structure with  
silicon carbide precipitates.  The weld zone in  SW7Mo steel has 
a martensitic type structure with the precipitates of vanadium, 
chromium, molybdenum and tungsten carbides. 
 
 
Fig. 3. The distribution of elements in SW7Mo steel - 55 steel weld zone 
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Carbides precipitate in the weld zone of a joint as a result of 
the interdiffusion of carbon contained in both welded steels 
during their plastic deformation. The kinetics of the formation of 
a friction welded joint can be described  by the following general 
equation: t = ∆l / (π
2 D) * ln (S / S0), where t – the welding time 
which is  the sum of the friction time (t t) and upsetting time (t s): t 
= t t + t s , ∆l – the size reduction of welded elements, D – the 
carbon diffusion coefficient, S0 – the contact surface area of  the 
joined elements at the initial stage of the welding process, S – the 
cross-section surface area of the weld zone at the final stage of the 
welding process. The diffusion rate depends, first of all, on the  
concentration of the diffusing element and, next, on the 
temperature of welding, heat conductivity, and upsetting rate 
(deformation rate) of the welded elements. The diffusion rate at a 
predetermined welding temperature [1] can be described by the 
following equation:  
D dC / dλ = - ½ ∫ λ dC , within the integration range of  C0 to C;  
where: C – the concentration of element at which: dC / dλ = 0, 
where: C0 – the initial concentration of element, λ – the heat 
conductivity. The value of heat conductivity is useful in rough 
determination of the width of a weld zone (HAZ),  derived from 
the relationship x = λ * (t)
1/2 [1,3]. The interdiffusion rate during 
friction welding increases also due to the formation of new 
dislocations caused by elastic stresses present at  weld boundary 
[8]. 
 
 
3. The description of self-regulation effect 
during friction welding process  
 
The self-regulation effect at the final stage of a friction 
welding process is due to the state of stability reached by the 
process of weld formation at a preset value of the welding 
pressure (see Figure 4).  
 
 
Fig. 4. Typical distribution of temperature and pressure values 
during friction welding [3] 
1 - unalloyed steel, 2 – alloyed steel; 
 
The constant temperature value of a weld boundary  (1250 
0C) 
occurs during the stable state of thermodynamic equilibrium 
reached by the friction welded joint. The welding temperature is 
limited by changes in the coefficient of friction of the joined 
materials and by losses of the friction heat due to the phenomena 
of conduction and burr formation in a welded joint. The self-
compensation of  heat losses following the stable friction moment 
M ust and the average thermal power of a friction welding process 
N  determine the quasi stationary (isothermal) condition of a 
welded joint and the range of the self-regulation effect in a 
friction welding process [2,5] (see Figure 5)  
 
 
Fig. 5. The self-regulation scheme of a friction  
welding process [7] 
 
The increasing values of the friction moment Mt , of the 
thermal power N and of the welding temperature T, all of which 
have been reported to occur during deceleration of the welding 
machine spindle rotating velocity, are due to the effect of the 
upsetting force Ps which determines the size reduction  (∆ l) of  
the welded  elements. 
The size reduction of the welded elements depends mainly on 
the rotational speed of the welded element n, on the friction 
pressure pt and friction time tt , and on the upsetting pressure ps 
and upsetting time ts, which means that, finally, it depends on the 
energy-related friction welding parameters. In most cases, an 
increase of the upsetting pressure ps raises  the welded joint 
strength and size reduction of the welded elements [1,4,5]. It has 
been established by experiments [2,4] that, within  the self-
regulation range of a friction welding process, the heat conduction 
rate in the welded bars   w T  = dT / dt   (see Figure 4) is equal to 
the upsetting rate v s = d (Δl) / dt  during the formation of burrs in 
a welded joint. Equation w T = v s  enables the friction welding 
energy to be determined  as a heat volume emitted during welding 
(t) at a maximum welding temperature  
T max [1,4,7]: dQ / dt = ρ c Tmax S * d (Δl) / dt  
where: ρ c – the volume heat capacity of parent metal, S – the 
cross-section surface area of a welded bar. 
In the process of friction welding of dissimilar  metals, the 
cross-section surface area of a weld zone remains stable in the 
alloyed steel, which means that it is equal to the initial surface 
area of a welded element. The determination of surface S in quasi 
stationary friction welding of homogeneous metals is possible 
only by experiments [4]. The maximum welding temperature T 
max = 1250 
0C occurs shortly before the start of the welding 
machine spindle deceleration [7], i.e. at an instant when the initial 
stage of the welding process has been completed. The self-
regulation of heat emitted at a constant temperature T max occurs 
during upsetting  (ts), i.e., at the final stage of a friction welding 
process. The average thermal power of the friction welding  N has 
been determined for a stable condition of the joint formation 
process with the upsetting rate of the welded elements  vs 
determined experimentally from a relationship dQ / dt = ρc * S * 
T max * vs , calculating next the average welding energy Q during 
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Q = ρc * S * T max * vs * t , assuming ρc = 5,2 [J /(cm
3 
0C)  
for SW7Mo steel [1], S = 1,18 cm
2, with an average spindle 
diameter d = 1,5 cm; T max = 1250 
0C [7], vs = ∆l / ts , which with  
∆l = 0,5 cm and ts = 2 [s] is vs = 0,25 [cm / s]; t – the welding time 
equal to  t = tt + ts = 12,5 [s] + 2 [s] = 14,5 [s], and hence the 
energy of the friction welding is Q = 27 804 [J]. A relationship 
has been established between the welding energy Q and an 
average hardness Hv of the welded joint. It assumes the form of 
an equation Q = (HV)
1/2, and with Q = 27 834  is corresponding to 
the welding energy consumed to obtain the average hardness of 
775 HV in a weld zone of the SW7Mo steel (see Figure 6) [J]. 
The distribution of hardness values in a friction welded SW7Mo 
steel - 55 steel joint is shown in Figure 6 
 
 
Fig.6. The distribution of hardness values in a weld zone of  the 
W7Mo steel – 55 steel friction welded joint  
 
 
4. Summary  
 
The results of investigations usually quote the friction 
welding parameters that have been developed for a specific case 
of joining the selected material couples, e.g. high-speed tool steel 
welded to structural steel [7], and parameters of the process used 
for  preparation of the weld contact surfaces [2,6]. The correct 
choice of the basic parameters of the friction welding process 
should allow for to a relationship that exists between (n, p, t) and  
(n, p, Δl), as determined for different groups of the welded 
materials.  
The distinction between the initial and final stage of a 
continuous friction welding process is the first, described by 
Polish technical literature, attempt at a description of the 
simultaneously occurring phenomena of preheating with friction 
heat and joining of  plastic elements, carried out under the preset 
conditions of a welding time  (t) and pressure (P). Close analysis 
of the friction welding process enables numerical calculation of 
the kinetics of the welded joint formation and mathematical 
calculation of the effect of process self-regulation on the structure 
and hardness of a weld zone (welded joint). 
The self-regulation of a friction welding process enables 
correct choice of the  basic parameters of the SW7Mo steel - 55 
steel welded joint formation, ensuring optimum, in respect of the 
welded joint hardness, energy of the friction welding. At present, 
intensive studies are carried out on further clarification of the self-
regulation phenomenon of the friction welding process, especially 
as regards its effect on the welded joint strength and impact 
resistance [8]. 
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